We develop a multi-scale approach to quantify the increase in the recombined fraction of point defects under irradiation resulting from dilute solute additions to a solid solution. This methodology provides design principles for radiation-resistant materials. Using an existing database of solute diffusivities, we identify Sb as one of the most efficient solutes for this purpose in a Cu matrix.
I. INTRODUCTION
The development of future nuclear reactors requires materials able to withstand irradiation damage levels that are higher than in current nuclear reactors 1, 2 . Reaching this high radiation resistance raises new challenges since point defects created under irradiation lead to a wide range of potentially harmful effects [3] [4] [5] : radiation-induced segregation [6] [7] [8] , radiation-induced precipitation [9] [10] [11] , dislocation climb and irradiation creep [12] [13] [14] , formation of point defect clusters which lead to swelling [15] [16] [17] and embrittlement 18, 19 . Since many of these phenomena result from point defect diffusion to sinks, there are two main approaches to mitigate these effects, either by reducing the irradiation-induced point defect supersaturation, or by reducing the mobility of the point defects. As we discuss below, these approaches can be implemented by controlling the microstructure and/or optimizing the composition of the materials of interest.
Point defects created under irradiation are annihilated either by athermal recombination between a vacancy and a self-interstitial atom or by elimination at sinks like free surfaces, dislocations, grain boundaries or interfaces. As a consequence, when the goal is to reduce the point defect supersaturation, a common approach has been to devise microstructures with a very high density of sinks and/or efficient point defect sinks, such as nanolaminates and nano oxide-dispersion strengthened alloys [20] [21] [22] [23] . The long-term stability of these materials is however problematic as a large number of interfaces often undergo coarsening. Another possible solution is to rely on irradiation-induced self-organization to stabilize nano-precipitates under steady-state irradiation, thus providing a high density of stable precipitate-matrix interfaces [24] [25] [26] [27] . Increasing point defect elimination at sinks, however, can lead to long-range solute redistribution due to the kinetic coupling between point defect fluxes and solute fluxes. The long-term behavior of both sinks and bulk material must therefore be investigated thoroughly.
The alternative strategy-pursued here-is to reduce the mobility of point defects, so as to increase their recombination rate. This approach has the advantage of relying on a local phenomenon and does not lead to chemical redistribution over large distances. This approach has been considered in the past, in particular to reduce or suppress radiationinduced segregation, swelling and creep [28] [29] [30] [31] [32] [33] [34] . Specifically, solute additions were used to slow down vacancies and/or self-interstitials, leading to higher total point defect concentrations in the system, and consequently increasing the recombination rate. In some cases, solute additions were effective in suppressing radiation-induced segregation at grain boundaries but the effect seemed to fade away after a radiation damage level of a few displacements per atom 32, 34 . From these previous studies, however, there are conflicting arguments about how to select relevant solutes: some of them recommend undersized solutes to trap selfinterstitials 29 , while others recommend oversized solutes to trap vacancies 32, 34 or oversized solutes to trap self-interstitials 33 . For instance, Mansur et al. state that vacancies and selfinterstitial atoms have the same effect on recombination when the difference in solute-point defect binding energies is equal to the difference in point defect bulk migration energies 30, 31 .
They used a rate theory model which includes trapped point defects to calculate the evolution of point defect concentrations under irradiation and assess the effect of trapping on swelling and creep. Their model, however, assumes that traps are immobile whereas substitutional solutes with a high binding energy to a vacancy are usually fast diffusers. Therefore, increasing the recombined fraction of point defects requires solutes which: 1) have an attractive binding energy to point defects; 2) reduce defect mobility with respect to a pure matrix; and 3) remain in solution (i.e., resist radiation-induced segregation).
In the past it was not possible to assess quantitatively these three required properties for a broad range of solute elements, and assumptions had to be made, particularly on the transport contribution. Electronic structure calculations show that there are no simple and systematic correlations between atomic size, misfit strain, excess valence, solubility limits and the quantities of interest, i.e. solute-point defect binding and diffusivity 35, 36 . For instance, the migration energies of a vacancy around a solute relates to the bonding characteristics of d-electrons of solute atoms 35 ; the overall solute diffusivity being a complicated function of all these migration energies [37] [38] [39] , it cannot be predicted from solute properties in a bulk material. Fortunately, recent advances in atomistic and continuum modeling of transport of solutes and point defects now make it possible to systematically screen and select the most promising solutes for increasing point defect recombination. Specifically, large scale first principles calculations provide accurate binding and migration energies for a wide range of solutes, thus addressing the first property identified above for solutes to increase point defect recombination. This atomistic information can be used to inform the self-consistent mean-field (SCMF) theory to calculate transport coefficients. Furthermore, recent developments of the SCMF method 39 have made it possible to calculate the transport coefficients for defect-solute pairs, thus enabling the identification of solutes meeting the second and the third requirements to increase point defect recombination. By combining these techniques, we show here that there exist solutes in a Cu matrix that can trap point defects effectively and thus enhance recombination, while resisting radiation-induced segregation.
This study thus provides general design principles for radiation-resistant solid solutions.
The paper is organized as follows. Section II presents the multi-scale methodology developed in this study. Homogeneous rate theory equations provide analytical relations between the fraction of recombined point defects and solute properties (II A). Then we introduce the framework for computing transport coefficients in dilute solid solutions using the selfconsistent mean-field method (SCMF) (II B). In Sec. III, we apply this methodology to a Cu dilute solid solution, which is chosen as a model face-centered cubic material. Using available diffusivity data, we identify Sb as the most efficient solute to increase the fraction of recombined point defects in Cu (III A). We combine density functional theory (III B) and SCMF (III C) to compute all the thermodynamic and kinetic parameters required to apply our rate theory model to Cu(Sb) alloys. We then use rate equations to calculate the efficiency of Sb addition to promote point defect recombination as a function of irradiation temperature and displacement rate (III D) and compute the solute point defect flux coupling properties (III E). Finally, Sec. IV discusses the effect of point defect clusters, the experimental validation and the applicability of our formalism to other systems.
II. MULTI-SCALE METHODOLOGY
A. Rate theory model
The kinetic evolution of point defects in pure systems is commonly modeled using rate respectively define the concentration and diffusivity of isolated point defects. Assuming the solid solution to be dilute such that we can safely neglect clustering reactions (both solute and point defect clustering), the homogeneous rate equation for defect d is
where φ is the irradiation flux; Ω is the atomic volume; k 2 d is the total sink strength for defect d; d eq is the total equilibrium concentration of defect d per unit volume; and r c is the recombination radius, i.e. the distance below which V and I spontaneously recombine.
We assume r c to be independent of solute concentration or temperature. Note that because defect diffusion coefficients are averaged quantities, the recombination term in Eq. 1 contains several contributions, four in the dilute alloy limit: recombination between V and I, V and IX, V X and I, V X and IX, where V X (resp. IX) denotes a cluster formed by one vacancy (self-interstitial) and one solute. Considering Eq. 1 for d = I at steady-state, one can express Ī as a function of V , which is then inserted into Eq. 1 for d = V , and provides a second order polynomial equation for V . Point defects created under irradiation either recombine or eliminate at sinks and the fraction of recombined point defects F R determines which of these two mechanisms dominates for given irradiation conditions. This fraction F R is defined as
which highlights the fact that a high total vacancy concentration (or a low sink density) is needed to obtain a recombined fraction close to unity. The approximate equality in Eq. 2 assumes Ī eq Ī ,D V D I , and unbiased sinks (k
The total vacancy concentration is thus a crucial parameter, and is analytically obtained from Eq. 1. If we assume further that V eq V , V is expressed as
This equation shows that when microstructural parameters (k 2 ) and irradiation conditions (φ) are prescribed, the only way to increase V is to decreaseD V , which is reasonable:
if vacancies move more slowly, they will spend more time in the material before being eliminated at sinks, thus increasing the probability that they recombine with a self-interstitial atom. At high temperature, V eq may not be negligible anymore, and in that regime V V eq . Thus, the solutes must decrease the average vacancy diffusivity and/or increase the total equilibrium vacancy concentration, depending on temperature. One of the objectives of this study is to provide a framework to quantify the effect of solute additions on V eq andD V .
These two quantities can be re-expressed in terms of solute-point defect properties. Furthermore, we assume that local equilibrium is obeyed everywhere in the system, meaning that in any given volume of the system, the relative probability of isolated species (defect or solute) and pair clusters follows a Boltzmann equilibrium distribution constrained by the local nominal concentration of defects and solutes [40] [41] [42] . In this framework, the dX cluster
[X] z dX and the total defect concentration is
where [X] is the concentration of isolated solutes; z d is the geometric multiplicity per site of defect d (z V = 1 and z I = 3, see appendix B); z dX is the dX pair cluster partition function, which contains the binding energy (E b (dX ρ )) and configurational entropy (related to the geometrical multiplicity g ρ ) for all microscopic configurations ρ considered as a dX pair (ensemble ρ dX ). The binding energy is the energy difference between d and X being infinitely separated, and d and X being in configuration ρ (see Eq. C1)
The total equilibrium defect concentration appearing in Eq. 1 can be significantly affected by solute additions, which can reduce the driving force for point defect elimination at sinks 44 .
It is useful to re-express the total equilibrium defect concentration as a function of the equilibrium defect concentration in the absence of solute
where
shows that increasing the nominal equilibrium vacancy concentration requires Ω X z V X > 1, which means that a high solute concentration and/or a high vacancy-solute binding energy is required. If the solute concentration is too high (typically Ω [X] > 1 at%), however, the dilute solid solution approximation breaks down.
We now expressD d as a thermodynamic average of cluster transport coefficients, which generalizes the expression introduced by Flynn for the diffusion of defects in the presence of solute-defect clusters
The To summarize, we identify two criteria that a solute must meet in order to increase F R :
These criteria quantify the requirements that the solutes trap vacancies and that the resulting solute-vacancy clusters migrate more slowly than free vacancies, thus allowing for an efficient screening of candidate solutes (Sec. III A).
Then, for a given solute, F R is computed as a function of T , φ, k 2 V , k 2 I and X knowing solute-point defect binding energies and solute-point defect cluster transport properties. The latter are computed in the SCMF framework, which requires solute-point defect migration energies and attempt frequencies as an input. We compute all the atomic scale information using DFT.
B. Cluster transport coefficients
In the framework of the thermodynamics of irreversible processes, a flux of species α ( J α ) is expressed as a linear combination of driving forces, i.e. chemical potential gradients of species β (µ β )
where L αβ are the transport coefficients and µ M is the reference chemical potential for matrix atoms. Species α and β can be either solute X or point defect d. The off-diagonal transport coefficients (α = β) are related to flux coupling phenomena.
As proposed in Ref. 39 , the Onsager matrix can be split into cluster contributions and in the dilute limit, we consider the following clusters: isolated V , isolated I, isolated X, V X pair and IX pair. The V I clusters are not considered because V and I spontaneously recombine below a certain distance such that L IV = L V I = 0 in Eq. 9. If mixed dumbbells (solute-matrix atom dumbbell) are unstable, solute atoms cannot diffuse with a selfinterstitial mechanism, such that L IX = L XI = 0, and IX clusters do not contribute to the L XX transport coefficient. With these considerations in mind, the Onsager matrix is
where L αβ (γ) is the αβ component of the Onsager matrix related to cluster γ (in m 2 /s).
Note that isolated solutes do not contribute to the Onsager matrix because they cannot diffuse on their own and need to pair with a defect. 
The full kinetic properties of such system are reduced to six cluster transport coefficients which are intrinsic and equilibrium properties of each
Once these quantities are computed at each temperature, the full Onsager matrix of the dilute system can be obtained for any cluster concentrations.
The self-consistent mean-field theory (SCMF) 49, 50 computes the cluster transport coefficients from atomic jump rates. First developed for vacancy-mediated diffusion 37,38,51-53 , it has been extended to split dumbbell 54,55 and interstitial impurity migration 39 . Besides providing the full Onsager matrix, the SCMF method also enables a controlled tuning of the approximation of kinetic correlations, whereas in the well-known five-frequency model [56] [57] [58] , kinetic correlations are computed to first order only, which is not always sufficiently accurate 37, 38 . Technical details about the SCMF method can be found in Refs.
38, 39, and 50. In short, the SCMF method performs a statistical average over all possible trajectories within a local volume, determined by the correlation radius R cor . The larger R cor , the more precise the estimation of kinetic correlations, but also the more computationally expensive. Usually, setting R cor equal to a few nearest-neighbor (NN) distances is sufficient to obtain transport coefficients converged to within less than ∼ 10% 38, 39 . In this study, R cor = 2.5a for V X transport coefficients. Cluster transport coefficients for V , I and IX are simple enough to be computed without using the SCMF method.
III. MODELING RESULTS

A. Screening solute candidates in Cu
As an application of the multi-scale framework presented in Sec. II, we identify candidate solutes able to trap and slow down vacancies in a Cu solid solution using available high-throughput DFT data where migration energies were computed for 40 substitutional solutes 58 . Following the developments of Sec. II A, candidate solutes should meet two crite- Hence, the first criterion is expressed in a more convenient form
As an example, the right-hand side is 0.23 eV at T = 600 K and Ω [X] = 0.1 at%. The five-frequency model 56, 57 used to compute solute diffusivities in Ref. 58 does not give the
If we assume that both species V and X diffuse at the same speed when they form a cluster (i.e. the V X cluster never dissociates), then
where L XX (V X) corresponds to the diffusivity of the V X cluster. The average V diffusivity obtained this way is similar to previous expressions 45, 47, 48 . This assumption breaks down at high temperature and/or when the V X binding energy is small, because V often dissociates from X (see Sec. III C). The equilibrium solute diffusivity can be expressed as
eq z V X L XX (V X). When this solute is taken to be a matrix tracer atom (Cu in our case), then the self-diffusion coefficient is directly related to the vacancy diffusivity:
eq f 0 D V , where f 0 = 0.78146 is the tracer correlation coefficient for FCC systems 59 .
Using these two assumptions,D V can be estimated from available experimental 60 and/or modeling 58 values for the solute equilibrium diffusivity and matrix self-diffusion coefficient.
Therefore the second criterion for identifying solutes that can slow down the diffusion of vacancies (compared with pure Cu) is 66 . Nevertheless, the equilibrium solubility limit of Sb is at least two orders of magnitude higher than that of Tl, Pb and Bi, such that the Sb content of the solid solution under irradiation is expected to be the highest among these solutes. In, Hg, Sn and S also meet both criteria, but they have a lower binding energy with V than Sb, and they do not slow down V as effectively. Hence, these solutes would be less effective than Sb at increasing
It is important to keep in mind that we assumed According to the plot, all solutes are able to slow down vacancies, but the it is a good approximation for solutes with sufficient binding energy, which are the only ones of real interest here.
The choice of candidate solutes relies on V -X interactions only because I-X interactions do not affect F R unlessD I ≤D V . Previous studies emphasize the need to trap self-interstitials instead of vacancies 29, 32, 33 , but Eq. 2 shows that as long as self-interstitial atoms diffuse much faster than vacancies, the total concentration of vacancies governs the recombination rate. In the case where self-interstitials are immobile when they are trapped by a solute and vacancies are not slowed down by these solutes, we derive a first-order criterion for vacancies to diffuse faster than self-interstitials
where the migration energies are those of isolated point defects diffusing in a bulk system. We thus perform additional density-functional theory (DFT) calculations to compute the atomistic quantities (binding and migration energies) needed to obtain transport coefficients with the SCMF method. The detailed description of these calculations for the Cu(Sb) alloy is provided in the appendices C and D. Here we summarize the main results that are required for the following sections. We find an attractive binding energy between V and Sb for all configurations between 1NN and 9NN, the strongest being for the 1NN configuration:
The V Sb binding energy is lower than 0.08 eV for all other configurations. Migration barriers and attempt frequencies between all of these configurations are computed and given in Table I . The most stable self-interstitial configuration in pure Cu is a dumbbell oriented along a 100 direction, and the corresponding geometrical multiplicity is thus z I = 3. The most probable dumbbell migration mechanism is a translation along
[110] direction combined with a 90-degree rotation along [001]. CuSb mixed dumbbells are unstable and spontaneously relax to a configuration where the Sb solute is one lattice parameter away from the dumbbell. There are several attractive configurations between Sb and I 100 dumbbell, the most stable one having a binding energy of 0.18 eV. Because mixed dumbbells are unstable, Sb atoms will not diffuse with a self-interstitial mechanism and act as immobile traps for this defect. Therefore, it is not necessary to compute the migration barriers between all SbI 100 configurations.
C. Average point defects diffusivities
The data obtained with DFT (see appendices C and D) informs the SCMF method, allowing us to compute the six cluster transport coefficients identified in Eq. 9. The coefficients L V V (V ) and L II (I) are the diffusivities of isolated point defects in pure Cu:
where the 2 3 factor accounts for the anisotropy of the 100 dumbbell diffusion 23 . The vacancy diffusivity in pure Cu is plotted as a green line in Fig. 2 . The coefficients
and L SbSb (V Sb) are directly obtained from the SCMF method applied to a V Sb cluster using the data from Fig. 7 and Table I . We did not compute the L II (ISb) coefficient to the same level of accuracy because we know from the rate theory analysis in Sec. II A that the average self-interstitial diffusivity does not impact the fraction of recombined point defects as long as I diffuses much faster than
is thus sufficient for our study, while a comprehensive calculation would require a large set of DFT data (all migration barriers of the dumbbell around a solute).
The effect of Sb on the kinetic properties of V stems from two intertwined mechanisms:
long-range V Sb diffusion, and successive associations/dissociations of V with/from Sb. The long-range migration of V Sb clusters is limited by the ability of the solute to diffuse, and this contribution is plotted as a blue line in Fig. 2 . An Arrhenius fit to the cluster diffusivity gives L SbSb (V Sb) = 3.21×10 −8 exp (−0.807/k B T ). The vacancy can also dissociate from the solute, with low or high rate depending on the solute and temperature. Dissociation jumps do not contribute much to the overall V diffusivity at low temperature because the binding energy between V and X produces a deep energy basin from which it is hard to escape. At high temperature, the trapping basin becomes more shallow and the lifetime of a V X cluster is reduced, i.e. once the pair is formed, V is more likely to dissociate from the solute than diffuse with it over extended periods of time. The diffusivity of V around Sb is given by the coefficient L V V (V Sb), plotted as a black dashed line in Fig. 2 . As expected, it goes from the V Sb pair diffusivity at low temperature to the diffusivity of an isolated vacancy at high temperature. Indeed, at high temperature, all configurations where V is located around the solute have similar energies, so V does not feel the presence of the solute and diffuses as if it was isolated in the bulk. 
333 500 400 667 Figure 2 . V Sb cluster transport coefficients obtained with the SCMF method, using data from Table I (Fig. 3 b-f ). For a given temperature, as the irradiation flux increases, F R increases because the concentration of point defects in the Cu matrix increases, and a vacancy has more chance to meet a self-interstitial atom on its way to sinks (and conversely). At fixed irradiation rate, F R first decreases with temperature because, as seen in Eqs. 2 and 3, F R is a decreasing function of the vacancy diffusion coefficient which increases with temperature. This statement holds as long as . 3a) , all parameters are kept identical in Fig. 3b ), but 1 at% Sb was added, and thermodynamic and kinetic data are taken from previous sections. These two mechanisms are clearly revealed by varying some of the parameters. In Fig. 3c ), the migration energy of V Sb clusters is decreased by 0.1 eV, which means that these clusters diffuse as fast as isolated vacancies (instead of being slower as in Fig. 3b ). The beneficial effect of Sb addition disappears at low temperature, where the F R = 0.5 contour matches that of pure Cu. Yet, the beneficial effect of Sb addition at high temperature remains unaffected by the V Sb cluster migration energy decrease since at high temperature, F R is governed by the total equilibrium vacancy concentration. Lastly we show that the widening of the recombination domain upon Sb addition also occurs at higher sink strength. In Fig. 3f ) the sink strength is increased from k 2 = 10 14 m 
In the Cu(Sb) system, mixed Cu-Sb dumbbells are not stable meaning that self-interstitial atoms will not produce any solute redistribution. Thus, only vacancies create flux coupling, and the V Sb drag ratio is positive up to T = 1188 K. For simplicity, we assume ∇ (µ X − µ Cu ) = 0, which would correspond to the beginning of irradiation of a homogeneous solid solution, and the flux of solutes is directly proportional to the flux of V
where We have shown that the effect of dilute solute additions on increasing the fraction of recombined point defect can be quantified combining DFT and SCMF with homogeneous rate equations. We identified two distinct mechanisms by which solutes such as Sb in Cu increase F R : they trap and slow down vacancies at low temperature, while they stabilize vacancies in the solid solution at high temperature. Secondly, we have shown that there exists a temperature window where solute-enhanced recombination is significant while vacancyinduced solute drag remains very limited. This work therefore establishes that it is possible to design Cu-base solid solutions that are radiation resistant. We now discuss the validity of the main assumptions of the model, ideas for experimental validation and the applicability of this concept of radiation-resistant solid solution to other systems.
A. Modeling assumptions
An important simplifying assumption in our model is that we do not take into account point defect clusters, neither those formed during displacement cascades nor the ones which nucleate on larger time scales. A first effect of point defect clusters is that they will act as sinks and thus increase the sink strength over time, as discussed in Ref. 67 . Our dilute solid solution model would remain valid, except that with the sink strength increasing over time, F R would progressively decrease for a given temperature and irradiation rate (see Fig. 3 ).
The effect of solutes on the nucleation and growth of point defect clusters is more difficult to foresee but several points are worth mentioning: 1) we checked that despite the increase of point defect concentrations in the presence of solutes, point defect chemical potentials are mostly identical to those in pure Cu, such that the presence of solutes does not increase the driving force for point defect clustering; 2) we anticipate that solutes will act as nucleation centers due to the attractive binding between solutes and point defects, lowering the critical cluster size calculated in the framework of classical nucleation theory 70 ; 3) solutes lower the mobility of point defects, thus they should increase the incubation time and slow down the growth process.
The modeling of such systems can be improved by going beyond the homogeneous rate theory equations, to take into account the spatial distribution and time evolution of sinks, the precipitation of solutes and point defect clusters, as well as solute and point defect concentration inhomogeneities and fluxes. These improvements are beyond the scope of the present work, but cluster dynamics 71 or phase-field methods 72 can in principle deal with the complexity required to model these phenomena.
B. Experimental validation
The predictions obtained in this work could be validated, for instance, by irradiating thin films sandwiched between two buffer layers chosen so that the buffer/thin film interfaces would be effective sinks for point defects. For a Cu-based material as considered here, it has been showed by Mao et al. 73 that Nb/Cu interfaces in films grown by physical vapor deposition possess a high sink efficiency. Furthermore, as done in the above reference, measuring the broadening of a marker layer as a function of the irradiation dose would provide a direct determination of the vacancy supersaturation. Lastly, the solute drag predictions could be validated by monitoring the solute concentration in the film and at the Cu/buffer layer interfaces as a function of the irradiation dose.
C. Application to other systems
Now that we have shown that dilute solute additions to a solid solution can increase the fraction of recombined point defects in Cu, we briefly discuss the applicability of this concept to other FCC alloys, namely Al and Ni. Diffusivity data computed with DFT is also available for these two systems 58 and we apply the same methods as in Sec. III A to identify candidate solutes. The results are plotted in Fig. 5 and solutes which slow down vacancies and form substantial amounts of V X pairs at T = 600 K with solute concentrations of 0.1 at% are located in the gray shaded area. The results presented in Sec. III D should then be transferable, at least qualitatively, to these other systems. For instance, S appears to be of interest for increasing the recombined fraction of point defects in Al as it combines a low diffusivity and a high binding. Moreover, it is noteworthy that some solutes, e.g. Sb or Tl, will be effective in increasing F R in all three matrices. We recall that the ratio plotted in they simultaneously neighbor a vacancy would also be a promising solution to increase F R since these 3-body clusters with two substitutional solutes would probably diffuse much slower than an isolated vacancy. Currently, there is no database which would enable an efficient screening of the binding energy of these 3-body clusters, and so testing this idea is beyond the scope of the present work.
V. CONCLUSION
This quantitative study confirms that adding specific solutes to a solid solution is indeed a viable concept to increase the fraction of recombined point defects under irradiation and thus reduce radiation damage. Unlike point defect elimination at sinks, recombination is a local phenomenon that does not contribute to solute redistribution over a large scale.
The effect of the solute is to slow down and stabilize point defects in the solid solution so as to increase the total concentration of point defects in the system and thus increase the probability that a vacancy recombines with a self-interstitial atom.
We presented a general framework that efficiently screens solute properties using existing diffusivity databases. Applied to a Cu matrix, this process identifies Sb as one of the most promising solute for increasing the fraction of recombined point defects F R . We obtain quantitative thermodynamic and kinetic parameters of V Sb and ISb clusters by combining DFT calculations with the SCMF method for transport coefficients. These parameters are then used in homogeneous rate theory equations to compute F R as a function of temperature, irradiation rate, sink strength and solute concentration. From these results we identify two different mechanisms that come into play at various temperatures: provided that the binding energy between solute and vacancy is high enough at low temperature, the fraction of recombined point defects F R is controlled by the ability of the solute to slow down vacancies.
At higher temperatures where the total vacancy concentration under irradiation is similar to the equilibrium vacancy concentration, the ability of solutes to stabilize vacancies in the solid solution governs F R . As long as self-interstitial atoms diffuse much faster than vacancies, the interactions between solutes and self-interstitial atoms do not affect F R . We compute point defect formation energies in bulk Cu, which allow us to calculate the equilibrium concentration of these defects. The defect formation energy is defined as
where E [α] is the total energy of a simulation box containing α, n is the number of Cu atoms in the supercell without defects or solutes (n = 108 in this study), and δ d depends on the type of point defect: δ V = −1 and δ I = +1. The difference between the DFT V formation energy computed using Eq. B1 (E f (V ) = 1.036 eV according to our calculations) and the experimental one (E f (V ) = 1.28±0.05 eV 68 ) is due to anharmonicity effects 69 . We study the self-interstitial atom in an octahedral site and in three split dumbbell configurations oriented along the 100 , 110 and 111 directions. The 100 split dumbbell configuration is the most stable configuration with formation energy E f I 100 = 3.309 eV, in agreement with previous studies 23, 68 . The octahedral and 110 split dumbbell configurations are saddlepoint configurations, with formation energies E f (I oct ) = 3.555 eV and E f I 110 = 3.814 eV, respectively. Both configurations spontaneously relax to the 100 configuration when one of the atoms is slightly displaced to break the symmetry of the configuration. We
were not able to stabilize the 111 configuration which spontaneously relaxes to the 110 configuration. There are three possible I 100 orientations in the FCC crystal, such that the associated multiplicity is z I = 3. For each type of point defect, the energy associated with the elastic interaction due to periodic images of defects was estimated using the ANETO code 85 . The corrected defect formation energies are: E f (V ) = 1.032 eV, E f I 100 = 3.177
eV, E f I 110 = 3.559 eV and E f (I oct ) = 3.413 eV. These corrections are small (∼ 5%
for self-interstitials), which shows that our calculations are converged with respect to the supercell size.
Appendix C: Solute-point defect binding energies
We compute the solute-point defect binding energy for each symmetry unique configuration in a 108-atom supercell. The binding energy between defect d (d = V or I) and solute X in microscopic configuration ρ is defined as
In this paper, a positive binding energy denotes an attractive interaction between d and X.
The five-frequency model used in Ref. 58 considers all possible jumps from the 1NN V X configuration, and assumes all dissociation jumps to be equal 56, 57 . In this study, we consider one additional thermodynamic shell, such that all jumps from a V X configuration belonging to the (1NN) 2 shell (1NN of 1NN) are taken into account. As we want to distinguish between the various dissociation frequencies, we have to evaluate all stable configurations where V is located in the (1NN) 3 shell of the solute. This sets the cut-off distance ρ V X beyond which V and X are assumed to have no interaction:
For an isotropic defect such as the vacancy, there are eight possible configurations within the (1NN) 3 shell. These eight V X configurations are uniquely defined by the distance between the vacancy and the solute, such that each microscopic configuration ρ of the pair is specified in terms of NN distance between V and X. The left part of Fig. 6 shows the position of the solute relative to the vacancy for each V X configuration, and these configurations are labeled from 1 to 9. Symmetry unique IX configurations cannot be distinguished by the point defect-solute distance only because the stable self-interstitial atom configuration is a split dumbbell configuration oriented along 100 directions of the FCC lattice which breaks the symmetry of the crystal. Hence solute positions that are symmetrically equivalent around V become distinct next to I. Let u I be the unit vector parallel to the dumbbell orientation and u X be the vector between the center of the defect and the solute, the latter being on a kNN site. We adopt the following nomenclature for IX configurations: if the largest component of u X is along u I , then the configuration is denoted kp ("p" stands for parallel); if the smallest component of u X is along u I , the configuration is denoted kn ("n" stands for normal); otherwise, the configuration is denoted ko ("o" stands for other). A mixed dumbbell configuration (i.e.
when the solute forms a dumbbell with a matrix atom) would be numbered 0, but it turns out that this configuration is unstable for Sb in Cu, and spontaneously relaxes toward a 2p configuration. This is not surprising considering that Sb is oversized in Cu. The 5NN and 7NN configurations are the only ones containing an "o" configuration, and 6NN orientations are all symmetrically equivalent, so the configuration is arbitrarily denoted 6p. The motion of the 100 split dumbbell defect is not so obvious, and we considered three mechanisms: translation to a 1NN site combined with a 90-degree in-plane rotation (Fig.   8a ), translation to a 2NN site (Fig. 8b) , and on-site 90 degree rotation perpendicular to the dumbbell orientation (Fig. 8c) . In Fig. 8 , gray atoms represent the average positions (during the migration mechanism) of all atoms around the dumbbell in the (001) plane. Black and red atoms show the initial and final position and orientation of the dumbbell, repsectively.
Arrows emphasize the main atomic displacements during the migration of the dumbbell. The first mechanism (Fig. 8a) is the most probable one, with a migration energy E saddle-point configuration for the second mechanism (Fig. 8b) corresponds to the selfinterstitial atom being in an interstitial octahedral site. The migration energy is thus the formation energy difference between the 100 dumbbell configuration and the interstitial octahedral configuration, E b m (I) = 0.246 eV (0.236 eV with elastic correction). The third mechanism (Fig. 8c) is an on-site rotation, and the relaxed saddle-point configuration is a 110 dumbbell. The corresponding migration energy is thus E (Fig. 8a) is at least 0.1 eV lower than the other two mechanisms, for simplicity we only consider this first migration mechanism in our model.
We perform additional DFT calculations to understand vacancy migration paths in the presence of the Sb solute. We consider all the configurations shown in Fig. 6 and all symmetry unique transitions between them. There are 15 vacancy jumps (cf . Table I) . Mixed dumbbells are unstable, such that there is no self-interstitial contribution to Sb transport and Sb acts as an immobile trap for I. As a first-order diffusion model, we do not take into account the details of I migration barriers around Sb, therefore only one I jump frequency appears in Table I. For each symmetry unique jump in Table I , we also compute the attempt frequency, which requires a proper definition of the reference state for vibrational properties. In the SCMF method, transport coefficients are functions of products p i p i→f = p f p f →i , where i and f are two configurations of the system and the equality stems from detailed balance; p i is the probability of being in configuration i and p i→f is the probability to transition from configuration i to f .
where F(X), F(d) and F(Cu) are the free energies of isolated solute in Cu, isolated defect in Cu and pure copper, respectively. F (dX if ) is the free energy of the saddle-point configuration between configurations i and f of the dX cluster. The last line of Eq. D1
is approximate since we only take into account the vibrational entropy contribution of dX clusters, and ν d if is expressed as
where ν k (α) is the k th eigenvalue of the force-constant matrix of a pure Cu lattice containing α 82 . For V , we compute the attempt frequencies in the 1-atom or hoping atom approximation where we only consider a reduced force-constant matrix to estimate the most important eigenvalues 51, 80, 81 . For dumbbell migration in pure Cu the hopping atom approximation is not sufficient, because three atoms are involved in the migration mechanism (cf. Fig. 8a ), and the surrounding atoms also undergo non-negligible ionic relaxation. In the end, 21
atoms (all 1NN of both initial and final dumbbell position) have to be considered, both in the initial and saddle-point configurations, to compute the force-constant matrix and obtain a unique imaginary frequency that corresponds to the unstable vibration mode.
It is interesting to note that the V -Sb exchange barrier is low while the V jump between two equivalent 1NN configurations is high compared to the bulk V migration: the exchange jump is therefore expected to be highly correlated, which does not lead to long-range solute migration. The vacancy will most likely jump to 2NN, 3NN or 4NN configurations after a V -Sb exchange sequence. The barrier to dissociate from these configurations is higher than the barrier to come back to 1NN, hence the V Sb pair is expected to migrate through back
